Nitrogen and 0, transformations were studied in sediments covered by Lobelia dortmanna L.; a combination of lsN isotope pairing and microsensor (0,, NO,-, and NH,+) techniques were used. Transformation rates and microprofiles were compared with data obtained in bare sediments. The two types of sediment were incubated in doublecompartment chambers connected to a continuous flow-through system.
oxidation of NH,+ to NO,-/NO,-, which in turn can supply anaerobic denitrifiers with NO,-/NO,-for denitrification. On the other hand, aquatic plants assimilate and incorporate inorganic nitrogen into organic matter and a significant part of this nitrogen can be supplied from the sediment (Short and McRoy 1984; Caffrey and Kemp 1992; Pedersen and Borum 1992) . The plant therefore competes with nitrifying and denitrifying bacteria for nitrogen, and recent results have shown that roots of angiosperms may be better competitors than nitrifiers for NH,+ in the sediment (Verhagen et al. 1995) . Whether the presence of rooted aquatic plants stimulates or reduces bacterial nitrification-denitrification activity will depend on the balance between these opposing effects of root 0, release and root N uptake.
In this study we investigate the influence of the submerged dicot Lobelia dortmanna L. on N-transformations in a littoral lake sediment. L. dortmanna is adapted to growth in exposed oligotrophic sediments of softwater lakes in North America and northern Europe (Farmer 1989) . The submerged forms of L. dortrnanna have an extensive continuous air-lacuna system, chloroplasts lining the aerenchyma, and roots with much higher gas permeability than leaves (Sand-Jensen and Prahl 1982) , all characters that promote the transport of 0, from leaves to the sediment via the root system. L. dortmanna therefore releases most of the photosynthetically produced 0, through the roots (Sand-Jensen et al. 1982; Pedersen and Sand-Jensen 1992) , and because it inhabits sediments with low reducing capacity, oxidized zones many centimeters thick may develop below stands of growing L. dortmanna (Wium-Andersen and Andersen 1972; Pedersen et al. 1995) . The plant thus possesses a potential ability to stimulate nitrification-denitrification activity within the sediment. However, roots also may compete with the nitrifying or denitrifying bacteria for inorganic nitrogen because the sediment is the main source of N for L. dortmanna (Farmer Limol. Oceonogr., 42(3), 1997 , 529-537 0 1997 , by the American Society of Limnology and Oceanography, Inc Nitrification and denitrification in the rhizosphere of the aquatic macrophyte Lobelia dortmanna L.
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Abstract
Nitrogen and 0, transformations were studied in sediments covered by Lobelia dortmanna L.; a combination of 15N isotope pairing and microsensor (0,, NO,-, and NH,+) techniques were used. Transformation rates and microprofiles were compared with data obtained in bare sediments. The two types of sediment were incubated in doublecompartment chambers connected to a continuous flow-through system.
The presence of L. dortmanna profoundly influenced both the nitrification-clenitrification activity and porewater profiles of 0,, NO,-, and NH,+ within the sediment. The rate of coupled nitrification-denitrification was greater than sixfold higher in L. dormanna-vegetated sediment than in bare sediment throughout the light-dark cycle. Illumination of the Lobelia sediment reduced denitrification activity by -30%. In contrast, this process was unaffected by light-dark shifts in the bare sediment. Oxygen microprofiles showed that 0, was released from the L. dortmanna roots to the surrounding sediment both during illumination and in darkness. This release of 0, expanded the oxic sediment volume and stimulated nitrification, shown by the high concentrations of NO,-(-30 yM) that accumulated within the rhizosphere. Both '"NZ isotope and microsensor data showed that the root-associated nitrification site was surrounded by two sites of denitrification above and below, and this led to a more efficient coupling between nitrification and denitrification in the Lobelia sediment than in the bare sediment.
Nitrogen cycling in shallow-water sediments and waterlogged soils can be strongly influenced by the presence of rooted angiosperms. These phototrophic organisms can control both the sediment-water exchange rates of combined nitrogen through their assimilation activity (Carpenter and Lodge 1986; Caffrey and Kemp 1990; Rysgaard et al. 1996) and the processes of nitrification and denitrification within the sediment (Christensen and Sorensen 1986; Reddy et al. 1989; Caffrey and Kemp 1992) . In addition to supplying bacteria with organic carbon (Hough and Wetzel 1975; Brylinsky 1977; Sondergaard 1983) , aquatic plants may influence bacterial nitrification-denitrification activity in two opposing ways. Rooted angiosperms can transport 0, from leaves to roots via an air-lacuna system, and 0, can then diffuse across the epidermis out of the roots into the sediment (Sand-Jensen et al. 1982; Christensen et al. 1994) . Consequently, free 0, can be present in the otherwise anoxic rhizosphere if the reductant formation through chemical and microbial processes is sufficiently slow (Caffrey and Kemp 1992; Pedersen et al. 1995) . This process of root 0, release can supply aerobic nitrifiers with the 0, required for the 'Corresponding author, now at National Environmental Research Institution, Vejlsavej 25, DK-8600 Silkeborg, Denmark. linguistic review. oxidation of NH,+ to NO,-/NO,-, which in turn can supply anaerobic denitrifiers with NO,-/NO,-for denitrification. On the other hand, aquatic plants assimilate and incorporate inorganic nitrogen into organic matter and a significant part of this nitrogen can be supplied from the sediment (Short and McRoy 1984; Caffrey and Kemp 1992; Pedersen and Borum 1992) . The plant therefore competes with nitrifying and denitrifying bacteria for nitrogen, and recent results have shown that roots of angiosperms may be better competitors than nitrifiers for NH,+ in the sediment (Verhagen et al. 1995) . Whether the presence of rooted aquatic plants stimulates or reduces bacterial nitrification-denitrification activity will depend on the balance between these opposing effects of root 0, release and root N uptake.
In this study we investigate the influence of the submerged dicot Lobelia dortmanna L. on N-transformations in a littoral lake sediment. L. dortmunna is adapted to growth in exposed oligotrophic sediments of softwater lakes in North America and northern Europe (Farmer 1989) . The submerged forms of L. dortmanna have an extensive continuous air-lacuna system, chloroplasts lining the aerenchyma, and roots with much higher gas permeability than leaves (Sand-Jensenand Prahl 1982) , all characters that promote the transport of 0, from leaves to the sediment via the root system. L. dortmanna therefore releases most of the photosynthetically produced 0, through the roots (Sand-Jensen et al. 1982; Pedersen and Sand-Jensen 1992) , and because it inhabits sediments with low reducing capacity, oxidized zones many centimeters thick may develop below stands of growing L. dortmanna (Wium-Andersen and Andersen 1972; Pedersen et al. 1995) . The plant thus possesses a potential ability to stimulate nitrification-denitrification activity within the sediment. However, roots also may compete with the nitrifying or denitrifying bacteria for inorganic nitrogen because the sediment is the main source of N for L. dortmanna (Farmer 'NC,+e, I-;'---;.I ~~ -.- 1989). The question therefore IS whether root 0, release increases nitrification-denitrification activity in the rhizosphere of L. dortmanna or whether nitrogen uptake by the roots reduces the availability of inorganic nitrogen for the nitrifying or denitrifying bacteria. To address this question we used a nondestructive technique wherein 'jNH,+ was continuously supplied by diffusion from below to L. dortmanna-vegetated sediments and to bare sediments. The microcosms were placed in a continuous flowthrough system that allowed us to maintain a stable NH,' supply to the sediments and a constant 0, concentration in the water column. Fluxes of 0, and inorganic N, including IiN, species ('"N"N, "N"N) across the sediment-water interface were monitored during light/dark cycles, and microsensors for 01, NO,-, and NH,+ were used in the microcosms to study the microdistrihution of 0,, NO,-, and NH,' transforming processes within the sediment rhizosphere.
Materials and methods
Sampling and experimental setup--Sediment and specimens of the submerged angiosperm L. dortmanna were collected in spring 1994 at a water depth of 50 cm in the oligotrophic Lake Hampen, Denmark (for a thorough description of the locality see Christensen and Sgrensen [19X61) . In the laboratory, the uppermost 4 cm of the sandy sediment samples were pooled and filtered through a 0.5.mm mesh screen to remove larger animals and coarse particles. Sediment was added to the upper compartments of three doublecompxtment chambers (Fig. 1 ) and adjusted to a height of 18 mm One weighed specimen of L. dortmanna was placed on top of the sediment in each chamber, spreading the roots in an even layer upon which another 17 mm of sediment were added. The average plant biomass in each chamber was 1.30 + 0.07 g (wet wt) with an average root-leaf wet weight ratio of 0.95 ? 0.16. Three additional double-compartment chambers without L. dortmanna, also having a sediment layer of -35 mm, served as controls.
One of the double-compartment glass chambers is shown in Fig. 1 . The upper and lower compartments were separated by a 3.mm-thick perforated acrylic plate (porosity: 50% VOLI vol) covered by an Anodisk filter with a pore size of 0.02 pm (Whatman). The holes in the acrylic plate were sealed with nonbiodegradable Gelrite (Merck & Co.) to stabilize the membrane and to avoid mass flow between the two compartments. To avoid accumulation below the membrane of gas bubbles that would otherwise impede diffusion, we trapped gas bubbles in the inlet water in a debubbler inserted in front of the inlet to the lower compartment.
All chambers were connected to a constant temperature (17.1 ? 0.3"C) continuous flowthrough system similar to the one described by Risgaard-Petersen et al. (I 994) . The lower compartments were continuously supplied with N,-saturated attificial freshwater (modified from Lehman [1980] ) to which "NH,' ("N abundance: 99 atom %) was added to a final concentration of 950 FM. The continuous addition of 'jN-labeled NH,+ to the sediment by diffusion from the lower compartment established an in situ-like concentration gradient of NH,' within the sediment (levels of 400 PM were found in situ; Christensen unpubl. data). This procedure assured an optimal distribution of the "NH,+ isotope within the sediment. The upper compartments were supplied with artificial freshwater, free of combined nitrogen. A flow rate of -0.036 liters h-' was applied, resulting in a water turnover of 0.66 and 0.58 h-' in the upper and lower comptimats, respectively.
The sediments were alternately exposed to 24 h of light (300 pm01 photons mm2 s , ' in the 400-700.nm range) and 24 h of darkness. Light was supplied by halogen lamps positioned 50 cm above the chambers. Prolonged light/dark cycles (as compared to diurnal cycles) were essential to obtain stable porewater profiles of 0, and "N-labeled N, within the Lobelia sediment during sampling. Large "diurnal" fluctuations of the 0, concentrations in the overlying water of the upper compartments were prevented by regulating the 0: supply to the upper compartments. The reservoirs holding the inlet water of the Lobelia and control (bare sediment) upper compartments were flushed with a well-defined mixture of O1 and atmospheric air (Lobelia: 98% air, 2% O2 in the light and 86% air and 14% 0, during darkness; bare sediment: 99% air and 1% O2 in the light and 89% air and 11% 0, during darkness) mixed in a mass flowmeter (Brooks Instrument), and an almost con.stant 0, concentration in the overlying water column of all chambers was achieved in both light and darkness (Lobelia: 323 i 4 IJ-M in the light and 304 ? 3 p,M during darkness; bare sediment: 345 5 3 pM in the light and 332 -t 3 FM during darkness).
Sampling of nitrogen species and Oz was initiated after 11 d of preincubation when the NH,' profile within the sediment had reached steady state and benthic microalgae had colonized the sediment surface. Nitrogen species were san-pled at 2-3-h intervals during the last 12 h of each light/ dark period. Water samples for analysis of concentration and isotopic composition of N, were collected in 6-ml glass vials (Exetainer, Labco) from the inlet and outlet of the upper and lower compartments. Water samples for analysis of concentrations and isotopic composition of NO,-+ NO,-and NH,+ were collected in 20.ml polyethylene vials and immediately frozen. Oxygen was monitored by passing water samples of 500 pl through a flow cell (L. R. Damgaard unpubl.) in which an 0, microsensor was mounted. Water samples were withdrawn directly from the outlets through the sampling ports (see Fig. 1 ) and from the reservoirs using a peristaltic Pump.
Microsensors could be inserted into the sediment after the glass lids of the upper compartments had been removed. Microgradients of 0, and NO,-were measured with a Clarktype 0, microsensor with a guard cathode (Revsbech 19890 ) and a shielded liquid-membrane ion-selective microsensor for NO,- (Jensen et al. 1993) . Microgradients of NH,+ were measured with a liquid-membrane ion-selective microsensor based on the neutral carrier nonactin (modified from de Beer and van den Heuvel 1988). The NH,+ sensors were electrically shielded like the sensor for NO, (Jensen et al. 1993X and response, drift, and selectivity characteristics were similar to the NH,' sensor described by de Beer and van den Heuvel (1988) .
Analytical procedures and calculations-Dinitgen was extracted from the water samples in the glass vials as described by Risgaard-Petersen and Rysgaard (1995) . A volume of 0.5 ml of water in the vials was replaced with He and the vials were subsequently shaken vigorously for -5 min to assure a >95% gas equilibration between the water phase and the He headspace. Gas samples of 250 ~1 were sampled from the equilibrated headspace with a gas-tight glass syringe and subsequently analyzed for concentrations of 15N, isotopes ('"N"N and '5N'sN) on a gas chromatograph in line with a triple collector isotope ratio mass spectrometer (Sira Series II, VG Isotech) as described by Nielsen (1992) . Gas samples extracted from air-saturated deionized water samples at a defined temperature were used as reference for N, concentration and 15N enrichment determinations.
Nitrate and NH,+ were determined using standard metiods (Grasshoff et al. 1983 ) on a Technicon autoanalyzer (Brann and Luebbe).
Bulk fluxes (F) of NH,+, NO,-, 0,, and 15NZ isotopes ('"N"N and 'jN15N) across the sediment-water interface were calculated by the general flux equation
where Co and C, arc the concentrations in the effluent and influent water, V is the flow rate, and A is the surface area of the sediment or the membrane. Fluxes of NH,+ into the oxic zone of the Lobelia vegetated and bare sediment were calculated from the measured concentration microprofiles using Fick's first law of diffusion. Denitrification coupled to nitrification was based on "NO,~ originating from the nitrification of added "NH,+ and 14N0,-originating from 14NH,+ produced by ammonification (1) in the oxic and anoxic sediment strata. '-NH,' is supplied to the sediment by diffusion from the lower compartment. l"NH,+ and "NH; is nitrified (2) to 14NO,m and IsNO, The two NO,-species diffuse to the anoxic sediment strata and are denitrified (3). This process leads to production of "N"N, "N"N, and 'SN'SN that diffuse from the anoxic strata to tbe water column in the upper and lower compartment.
of particular orgamc mamx (PO'lN) within the sediment. Coupled nitrification-denitrification of these differently labeled substrates will lead to the production of three different N, species: '"N'aN, "N15N, and "NISN, which may diffuse into either the upper or lower compartment (Fig. 2) . When the porewater profile of these produced N, species is in steady state, bulk flux rates equal production rates.
If we assume steady state, the rate of denitrification cow pled to nitrification of added 15NH,+ (D,,) can be calculated directly from the bulk fluxes of "N-labeled N,:
where Pz9 and P'" are the bulk flux rates of "N'5N and '5N15N, respectively.
The rate of denitrification coupled to nitrification of '"NH,' (D,,) can be calculated with the principles of the isotope-pairing technique of Nielsen (1992) . Given that where& and& are the mole fractions of '"NO,-and "NO, being denitrified (e.g. & = '"N0,mI['4N0, + '5N0,m1), D,, can be calculated from D,,:
If we assume that the ratios of 14N0,-to liNO,-are constant throughout the denitrification zone and that the two NO,-species are reduced at a rate proportional to their respective mole fractions, '?N"N will be formed with the probability 2 X L4 X f,, and '5N'5N with the probabilityf,, X f,,. The ratio of produced '"N"N to produced 15N'5N can then be expressed as The isotope-pairing technique was originally developed to distinguish between denitrification of NO,-diffusing into the sediment from the water column and denitrification coupled to nitrification, and 15N0,-was used to trace the processes (Nielsen 1992) . The calculating procedure and associated assumptions for estimating D,, and D,, used in the present study are identical to the procedure of Nielsen (1992) . In the present study, however, we use 15NH4+ in NO,--free media to quantify denitrification. Total denitrification activity (D,, + D15) therefore represents total coupled nitrification-denitrification activity.
Sediment characteristics-Porosity, loss on ignition, and the diffusivity of 0, were determined at the end of the experiment in sediment subsamples. The average porosity (4) determined from sediment subsamples in three chambers was 48% (vol/vol) and did not vary significantly with depth, whereas the average loss on ignition was 0.34% (wt/wt). Diffusivity (D,. = +Ds, where $ is the sediment porosity and D,Y the apparent diffusivity in the substrate) of 0, in sediment subsamples was determined according to the high-resolution technique of Revsbech (19896) . The diffusivity decreased rapidly from 1.52 X 1O-s cm2 s-l in the uppermost layer of the sediment and approached a constant value of 0.50 X lop5 cm2 s-' at a depth of 2 mm and deeper. The diffusivity of NH,+ was then calculated, assuming constant ratios between the diffusivity of 0, and NH,+ with sediment depth, equal to the proportions found in water. Diffusion coefficients used for 0, and NH,+ in water at 17.1"C were 1.95 X 10e5 and 1.64 X 1O-5 cm2 s-l, respectively (Broecker and Peng 1974; Li and Gregory 1974) .
Results
Oxygen metabolism-Oxygen fluxes from the sediment into the water of the upper compartment were strongly affected by light. Both the Lobelia-vegetated and the bare sediment released 0, to the water column in the light and consumed 0, in the dark. This diel cycle of 0, flux shows that photosynthesis was significant for both the vegetated and nonvegetated sediment. The net 0, release during illumination was highest from the bare sediment (1,260 + 70 p,mol mW2 h-l vs. 620 & 120), and the net 0, uptake during darkness was highest in the Lobelia sediment (1,780 + 70 pmol me2 h-l vs. 1,170 2 110).
Denitrification activity-The release of '"N-labeled N, (14N15N and 15NlsN) from the Lobelia sediment and the bare sediment was reproducible during each light/dark treatment (Fig. 3) , indicating that a steady state was obtained when sampling was initiated. The highest flux rates were measured in the Lobelia sediment, and 15N2 (14N15N and 15N15N) escaped both to the upper and the lower compartments. From the sediment, labeled N, escaped to the upper compartment only. Efflux of 15N2 from the Lobelia sediment into the upper compartments was reduced in the light period, but the 15N2 efflux into the lower compartment was constant throughout the light/dark cycles. The r4N15N-to-15Ni5N ratio was lowest in the N, gas released into the lower compartments. These findings show that at least two discrete zones of denitrification were present in the Lobelia sediment: a light-insensitive activity zone located deep in the sediment that received a substrate rich in 15N, and a Iight-sensitive zone at the sediment surface that received a more 14N-diluted substrate. In the bare sediment, however, only the denitrification zone at the sediment surface was present.
The rate of coupled nitrification-denitrification of added 15NH4+ (D,:j) could be estimated directly from the stable fluxes of 14N15N and lsN15N in both types of sediment. However, only a minimum estimate of the rate of coupled nitrificationdenitrification based on 14NH4+ produced within the sediment (D14) could be obtained in the Lobelia sediment, because of the presence of multiple zones of denitrification (see discussion). In the bare sediment D,, could be calculated exactly from steady-state fluxes of 14N15N and 15Ni5N because only one activity zone was present.
Both D,, and the estimated value of D,, was highest for the Lobelia sediment, and the total denitrification activity (D,, + D,,) was greater than sixfold higher in this type of sediment than in the bare sediment both in the dark and in the light (Fig. 4) . Despite the fact that D,, in the Lobelia sediment was underestimated, our data clearly show that the presence of L. dortmanna may significantly (Student's t-test, hypothesized mean difference = 0, t > 4.81, P < 0.05) stimulate the processes of nitrification and denitrification within the sediment. Denitrification activity was reduced -30% by light in the Lobelia sediment (paired t-test, hypothesized lmean difference = 0, t = 4.59, P < O.OS), whereas the activity in the bare sediment was unaffected (paired t-test, hypothesized mean difference = 0, t = 1.25, P > 0.05).
Porewater profiles and N-bulk JEuxes-Ammonium supplied by diffusion from the lower compartment to the Lobelia sediment was almost entirely consumed within the root zone and concentrations of NH,+ in the upper 14 mm were below 3 p&l (Fig. 5) . Oxygen peaks indicated that O,-releasing roots of L. dortmanna were present at a depth of lo-20 mm. A flux of 84 f 7 p,mol NH,+ m-* h-l into the oxic root zone was calculated from the slope of the concentration profiles measured below the depth of 20 mm. Nitrate accumulated in the rhizosphere up to concentrations of -30 FM. The peak of the NO,-profile was found at a depth of lo-20 mm, suggesting maximum rates of nitrification in the oxic zone near the roots of L. dortmanna. The NO,-produced in the rhizosphere could diffuse into anoxic zones above and below.
In the bare sediment, NH,+ was consumed in the upper few millimeters of the sediment (Fig. 4) . The NH, + flux into the consumption zone was 35 ? 2 p,mol m-2 h-l, which is less than half of the flux into the consumption zone of the Lobelia sediment. Despite a substantial NH,+ influx, the NO,-concentration in the oxic zone was low (C4.5 PM). This observation suggests either a very tight coupling between nitrification and NO,-consumption or a low nitrification activity combined with high rates of NH,+ assimilation in the bare sediment.
The overall sediment release of NO,-and NH4+, measured as bulk fluxes, was insignificant, indicating that combined nitrogen was depleted within both the Lobelia-vegetated and the bare sediment.
Oxygen microprofiles, measured in the Lobelia sediment at the end of a 24-h dark period (Fig. 6, time 0) , showed the presence of two anoxic zones separated by a 16-mm-wide oxic environment. The presence of 0, at this depth (8-24 mm) can only be explained by 0, release from the L. dortmanna roots taking place even when the plants were not photosynthetically active. Oxygen accumulated in the sediment during the light periods owing to microphyticbenthic photosynthesis and increased macrophytic 0, release via the roots. Both micro-and macrophytes responded immediately to light. Within the first hour of light an 0, peak developed in the upper few millimeters of the sediment and the root net 0, release increased by 70%. The upper anoxic layer that was present in the dark eventually disappeared, and the maximum 0, penetration increased from 24 to 29 mm. A minimum of 6 h was necessary for the 0, profiles to reach a steady state within the sediment.
Discussion
Application of the isotope-pairing technique in heterogeneous nitrifying-denitrifying environments-The estimation of the rate of denitrification coupled to nitrification of 14NH4+ (D14) from the isotope-pairing technique is based on the fundamental assumption that the ratios of 14N0,-to IsNO,-are constant throughout the denitrification zone. Our 15N-isotope data (Fig. 3) showed, however, that at least two discrete zones of denitrification were present in the Lobelia sediment and that the 14NlsN: 15N15N ratios and consequently the 14N0,-: 15N0, -ratios in these zones were different. The gas produced in the differently 15N-labeled zones can mix by diffusion and N, escaping to the upper or lower compartment will therefore be a mixture of N, produced in both zones. The distribution of the N, isotopic species of (14N14N, 14N15N,  15N15N ) in such mixtures will be different from the ideal binomial distribution presumed in Eq. 5, as shown by Boast et al. (1988) , and in the following section we demonstrate that this implies that our estimate of D,, in the Lobelia sediment is a minimum estimate.
Given that denitrification occurs in two discrete zones, each with constant ratios of 14N0,-to 15N03-, the actual value for D,, should be calculated as the sum of the activity in the upper and lower denitrification zone: Pig. 6. Concentration profiles of 0, measured ,n Lobrhvegerated sednnent at the end of a dark oeriod (time 0) and after increasing periods of time of illumination. All protiles were measured along the same vertical axis which can be rearranred to mum estimate. If, on the other hand, multiple denitrification zones are present, it can be shown from Eq. 12 that the estimated value for D,, is still smaller than the actual rate. If we assume that both the upper and lower denitrification zones consisted of multiple subzones with different 14N03-: 15N03 ratios, the estimated denitrification rates in the upper or lower zones would be smaller than the actual rates in these zones. This is clear from Eq. 12: "PD,,actual I UPD,4estimated and T-0wD,4actual 1 L0wD,4estimated
and, consequently, D,,actual = UPD,4actual + L0WD,4actual 2 "PD,4estimated + L0WD,4estimated. (13) From the argument above it is evident that the denitrification activity was underestimated in the Lobelia sediment, given that denitrification occurred in multiple activity zones with different 14N03-: IsNO, -ratios. For the unvegetated sediment, however, denitrification activity was correctly estimated because only one denitrification zone was present.
Stimulation of denitrification by the presence of L. dortmanna-The presence of L. dortmanna markedly increased the rate of coupled nitrification-denitrification within the sediment. Denitrification activity was more than six times higher in the Lobelia sediment than in the bare sediment, and the activity was much more widely distributed with depth. Both a surface denitrification zone and a denitrification zone placed deeper in the anoxic parts of the rhizosphere were present in the Lobelia sediment, while denitrification was exclusively associated with the upper anoxic sediment strata of the bare sediment (Figs 3, and 5 ). This observation indicates that roots of L. dortmanna stimulated coupled nitrification-denitrification.
Stimulation of coupled nitrification-denitrification by macrophyte roots has also been reported in a few other studies of nitrification and denitrification in vegetated sediments or waterlogged soils. Reddy et al. (1989) observed that roots of rice (Oryza sativa) stimulated the coupled nitrificationdenitrification activity in waterlogged soils, and Caffrey and Kemp (1992) observed significant nitrification-denitrification activity in the rhizosphere of Potamogeton per$oliatusvegetated sediments. Christensen and Sorensen (1988) measured high rates of denitrification in the root zone of freshwater macrophyte Litorellu uniflora-vegetated sediments. Other macrophytes, such as the marine angiosperms Zostera noltii and Zosteru marina, on the other hand, are inefficient at stimulating coupled nitrification-denitrification in the rhizosphere (Rysgaard et al. 1996; Risgaard-Petersen et al. in prep.) .
The ability of different species of aquatic macrophytes to promote bacterial nitrification-denitrification activity is related to their ability to create an oxic microenvironments around the roots. Oxic microenvironments around roots have been measured in P. per$oZiatus-vegetated sediments (Caf--frey and Kemp 1991) and in artificial sediments with L. uniflora ). In contrast, unpublished 0, microsensor measurements in 2. marina-vegetated sediments have shown an absence of 0, in the rhizosphere (Revsbech pers. comm.; Risgaard-Petersen and Rysgaard unpubl. data) . L. dortmanna is known to release most of the photosynthetically produced 0, through the roots (Sand-Jensen et al. 1982; Pedersen and Sand-Jensen 1992) , and 0, microprofiles measured in L. dortmanna-vegetated sediments have shown the presence of free 0, down to several centimeters (Pedersen et al. 1995) . In our experiment, free 0, was measured down to more than 24 mm in the Lobelia sediment (compared to a <7-mm 0, penetration depth in the bare sediment) (Fig. 5) , and this expanded oxic zone was present both in the light and in the dark. It is obvious that the wide and stable oxidized rhizosphere of L. dortmanna, with a high diffusive NH,' input from below (84 pmol m-2 h-l), should create better conditions for nitrification than the narrow oxic zone of the bare sediment with a much lower diffusive NH,+ input (35 p,mol rnh2 h-l). Accordingly, we measured the highest concentrations of NO,-in the oxic root zone of the Lobelia sediment, where maximum nitrification activity occurred near the roots. Nitrate, on the other hand, was hardly detectable in the oxic surface of the bare sediment, indicating a much lower nitrification activity in these sediment than in the Lobelia sediment (Fig. 5) . The increased denitrification rates in the Lobelia sediment were thus closely related to the ability of plant roots to stimulate nitrification activity via 0, release.
Several factors induced by the oxygenated rhizosphere may be responsible for the high denitrification rates observed in the Lobelia sediment. These factors include better 0, and NH,+ supply for the nitrifiers (which increases NO, production and thus the NO,-flux toward anoxic sediment strata), a more efficient coupling between nitrification and denitrification, and an efficient coupling between net ammonification, nitrification, and denitrification.
One of the effects of root 0, release followed by nitrification or root NH, t assimilation was a deep displacement of the NH,+ consumption zone in the Lobelia sediment. This displacement induced an NH,+ flux -2.5 times higher into the oxic zone rhizosphere than into the oxic zone of the bare sediment, because the NH,+ consumption zone of the Lobelia sediment was located closer to the source in the lower compartment (Fig. 5) . However, our results show that the increased nitrification-denitrification activity observed in the Lobelia sediment was not related only to this -2.5 higher NH,' input from anoxic sediment strata. Denitrification activity was stimulated by a factor greater than six in the Lobelia sediment when compared to bare sediment, and the nitrification-denitrification activity was furthermore coupled to oxic 14NH4+ production in the Lobelia sediment. The latter can be deduced from the observation that the 14N15N : 15NlsN ratio was higher in the N, gas released to the upper compartment than the ratio in N, released to the lower compartment of the Lobelia sediment (see Fig. 3 ). Such a difference in isotopic labeling can only be explained by 14NH4+ production in the oxic zone between the upper and lower anoxic denitrification zones and subsequent coupled nitrificationdenitrification based on part of this 14NH4-+.
Our data therefore strongly suggest a much more efficient coupling between net ammonification, nitrification, and de-Risgaard-Petersen and Jevlsen nitrification in the Lobelia sediment than in the bare sediment. This efficient coupling was related to the vertical position of the nitrifying and denitrifying sediment strata and probably also related to the impact of phytobenthic assimilation.
Both the 15N,-isotopic distribution data and the 0, and NO,-microprofiles in the Lobelia sediment showed that the zone of nitrification near the roots was surrounded by anoxic denitrifying zones above and below, into which the produced NO,-could diffuse (Figs. 2, 5 ). Porewater profiles of O,/ NO,-and 15N,-isotopic distribution data measured in the bare sediment showed, on the other hand, that the nitrification zone at the sediment surface not only had a lower activity but was also adjacent to only a single denitrification zone. The likelihood that NO,-produced in the nitrifying sediment strata of the Lobelia sediment should undergo denitrification was therefore much greater in comparison with the NO,-produced in the bare sediment. In the latter sediment, alternative NO,--consuming processes (e.g. microphytobenthic assimilation) were probably more important, given that neither NO,-nor NH,+ escaped the bare sediment and that coupled nitrification-denitrification accounted for <12% of the NH,+ input from below.
Diurnal variations of nitrifcation-denitrification
activity--Denitrification coupled to nitrification was significantly reduced during illumination of the Lobelia sediment (Fig. 4) due to a suppression of the activity in the surface denitrification zone (Fig. 3) . The increased 0, release by roots and microphytobenthos during illumination reduced the volume of the upper anoxic zone (Fig. 6) , resulting in the uncoupling of the nitrification and denitrification processes. A similar mechanism was observed by Christensen and Serensen (1986) in a L. unijlora-covered sediment.
In situ measurements of 0, microprofiles in L. dortmannavegetated sediments (Pedersen et al. 1995) have shown that diurnal variations of the sediment 0, concentration, similar to the patterns described in the present study, may occur within a 16 : 8-h L/D diurnal cycle. The diurnal variations in denitrification activity demonstrated in our laboratory study with an extended 24 : 24-h L/D diurnal cycle could therefore also take place in natural systems. Diurnal variations of coupled nitrification-denitrification activity in sediments with rooted macrophytes having extensive root 0, release therefore exhibit opposite trends to those observed in N-rich sediments colonized by benthic microphytes. In such sediments, photosynthesis may significantly stimulate coupled nitrification-denitrification due to better 0, conditions for nitrification and to a closer coupling between nitrification and denitrification in both space and time Rysgaard et al. 1995) .
Increased nitrification-denitrification activity was not, however, observed in the bare sediment during illumination, despite significant microphytobenthic photosynthesis and a concurrent increase of 0, penetration depth (data not shown). Coupled nitrification-denitrification was obviously not limited by 0, in this type of sediment but was instead most likely controlled by the availability of inorganic nitrogen. Our NH,+ and NO,-porewater profiles and bulk flux data suggest that the benthic microphytes had relatively high rates of .N assimilation and were strong N competitors, reducing the NH,+/NO,-availability for the nitrifying or denitrifying bacteria in the upper N-poor strata of this sediment. Ry sgaard et al. (1995) observed a similar lack of light response of coupled nitrification-denitrification in microphytobenthic-colonized sediments during summer months when the availability of NO,-and NH4+ was low.
Conclusions
In this study we applied 15N and microsensor (0,, NO,-, NH,') techniques to the investigation of the influence of the aquatic macrophyte L. dortmanna on bacterial nitrification and denin-ification within the sediment. We identified important mechanisms controlling N transformation in the rhizosphere, although the applied 15N methodology encountered limitations given the heterogeneity of the Lobelia-vegetated sediment. Rates of nitrification and denitrification estimated in this laboratory study are therefore not necessarily identical to in situ rates.
We have shown that the presence of L. dortmanna increased nitrogen removal from the sediment via coupled nitrification-denitrification.
By releasing 0, from the roots, L. dortmanna stimulated nitrification in part of the rhizosphere that was surrounded above and below by denitrification zones. The mechanisms responsible for the plant-induced stimulation of nitrification-denitrification illustrated agree well with previous results showing the influence of 0, on the activir:y and vertical distribution of nitrification and denitrification in unvegetated sediments Rysgaard et al. 1994) . In situ measurements of the depth distribution of 0, in L. dortmanna-vegetated sediments have shown thirt free 0, is present down to several centimeters and that sediment 0, concentrations vary diurnally (Pedersen et al. 1995) , which is similar to the patterns described in this study. General mechanisms that regulate nitrification and denitrificaticln that were identified here may therefore also operate in situ.
It may seem paradoxical that by stimulating coupled nitrification-denitrification activity via root 0, release L. dortmanna introduces bacterial competitors for inorganic nitrogen in the rhizosphere and thus indirectly reduces its own potential nitrogen supply. However, the special morphology of the plant, which facilitates gas exchange between the sediment and chloroplasts, is probably not adapted with the view to ef'ficient O2 release. The morphology is most likely adapted to, the need for efficient CO, uptake, because gaseous CO, dissolved in the pore water is the principal C source for L. dortmanna (Pedersen and Sand-Jensen, 1992 ). Concurrent 0, release and associated side effects (e.g. enhanced N loss via. coupled nitrification-denitrification) may be the cost of this strategy. Oxygen release to the rhizosphere may, however, also benefit the plant by countering the potential toxicity of reduced substances diffusing from the surroundings and by permitting growth of aerobic symbiotic mycorrhizae fungi that may facilitate plant nutrient uptake (S@n-dergaard and Laegaard 1977) . The latter could, in principle, counteract the negative side effects of root-induced coupled nitrification-denitrification.
Our data are characteristic for isoetides that are known to have an extensive O2 release from the roots. Other submersed macrophytes such as seagrasses that grow in more reduced sediments and release less 0, to the rhizosphere will have a less dramatic effect on coupled nitrification-denitrification.
